Cranial irradiation is widely used in cancer therapy, but it often causes cognitive defects in cancer survivors. Oxidative stress is considered a major cause of tissue injury from irradiation. However, in an earlier study mice deficient in the antioxidant enzyme extracellular superoxide dismutase (EC-SOD KO) showed reduced sensitivity to radiation-induced defects in hippocampal functions. To further dissect the role of EC-SOD in neurogenesis and in response to irradiation, we generated a bigenic EC-SOD mouse model (OE mice) that expressed high levels of EC-SOD in mature neurons in an otherwise EC-SOD-deficient environment. EC-SOD deficiency was associated with reduced progenitor cell proliferation in the subgranular zone of dentate gyrus in KO and OE mice. However, high levels of EC-SOD in the granule cell layer supported normal maturation of newborn neurons in OE mice. Following irradiation, wild-type mice showed reduced hippocampal neurogenesis, reduced dendritic spine densities, and defects in cognitive functions. OE and KO mice, on the other hand, were largely unaffected, and the mice performed normally in neurocognitive tests. Although the resulting hippocampalrelated functions were similar in OE and KO mice following cranial irradiation, molecular analyses suggested that they may be governed by different mechanisms: whereas neurotrophic factors may influence radiation responses in OE mice, dendritic maintenance may be important in the KO environment. Taken together, our data suggest that EC-SOD plays an important role in all stages of hippocampal neurogenesis and its associated cognitive functions, and that highlevel EC-SOD may provide protection against irradiation-related defects in hippocampal functions.
C ranial irradiation is widely used as a treatment modality for patients with primary or metastatic brain tumors (1) (2) (3) , and is also used as a prophylactic treatment to prevent metastases of highrisk tumors to the nervous system (4) . Although effective, cranial irradiation is associated with various complications or side effects in cancer survivors (1) (2) (3) . One of the severe complications is neurocognitive impairment, which can include defects in executive functions and learning and memory (3) . Neurocognitive impairments occur in both adults and children and are generally associated with higher doses and younger age (3) . The pathogenesis of radiation-induced neurocognitive impairment is not completely understood, but recent studies suggest that suppressed hippocampal neurogenesis (5, 6) , increased hippocampal neuronal apoptosis (7, 8) , and reduced growth hormone secretion (9, 10) may be involved.
The production of reactive oxygen species (ROS) is considered a major cause of radiation-induced tissue damage (11) . Ionizing irradiation not only results in the acute generation of short-lived ROS, it also results in a persistent state of oxidative stress that extends up to several months or even years after irradiation (12, 13) . Accordingly, animal and cell models with altered antioxidant capacities have been used to investigate the biochemical pathways involved in radiation-induced tissue and cell injuries, and experimental antioxidant-based therapies have been designed to protect normal tissues during radiation treatments (14) .
Hippocampal neurogenesis is important for hippocampal-dependent functions of learning and memory and the process is exquisitely sensitive to suppression by various stressors, including radiation and oxidative stress (5, 6, 15) . To determine if altered redox balance in the hippocampal microenvironment affects hippocampal neurogenesis and the associated functions of learning and memory, we used a knockout mouse model (KO) deficient in the extracellular antioxidant enzyme, EC-superoxide dismutase (EC-SOD), in an earlier study with cranial irradiation (13, 16) . When examined at 3-4 mo of age, EC-SOD deficiency was associated with a significant suppression of baseline neurogenesis and impaired hippocampal-dependent cognitive functions (13, 16) . Unexpectedly, EC-SOD deficiency also rendered the process less sensitive to radiation-induced changes. The underlining mechanism for this paradoxical finding was not clear, but preliminary studies ruled out up-regulation of major antioxidant enzymes (13) . The results suggested that the interaction between redox balance and irradiation and their effects on hippocampal functions can be complex, and understanding how these elements work in concert may be a key to identifying strategies for radioprotection.
To manipulate redox balance in the hippocampus, we generated a mouse model with inducible EC-SOD transgenes (17) . In the current study, we combined the inducible transgenes with EC-SOD KO and generated a bigenic mouse model, designated as the overexpressor (OE), with high levels of EC-SOD expressed only in Ca/calmodulin-dependent protein kinase-(CaMKII) positive neurons in an otherwise EC-SOD-deficient environment (17) . Hippocampal neurogenesis generates new granule cells that are functionally integrated into the hippocampal network (18) . Because granule cells are CaMKII-positive neurons and are the principal excitatory neurons in the dentate gyrus, the manipulation leads to an estimated four-to fivefold increase in EC-SOD activity in the hippocampal formation in OE mice (17) . The OE mice were used to investigate the effects of altered EC-SOD levels at different stages of hippocampal neurogenesis and the functional consequences of learning and memory. Comparison between WT, OE, and KO mice revealed the importance of EC-SOD in progenitor cell proliferation, dendritic development, and long-term survival of newborn neurons. The study results also suggested that maintenance of the dendritic system following cranial irradiation was important for preservation of neurocognitive functions.
Results

EC-SOD Level Affects Neurocognitive Functions.
To determine if altered EC-SOD levels influenced neurocognitive functions, we carried out radial-arm water maze (RAWM) and novel location recognition (NLR) tests 1 mo after a single dose (5 Gy) of cranial irradiation (Fig. 1A) . In these two studies, animals with normal spatial memory would make fewer mistakes by the end of the RAWM test and recognize objects in a novel location by increasing investigation time in the NLR test.
RAWM results showed that sham-irradiated WT and OE mice significantly reduced incorrect arm entries (i.e., errors, 36% and 48% reduction, respectively) at the end of the test, whereas shamirradiated KO were not able to make significant improvement (Fig. 1B) . Following irradiation, WT mice lost the ability to reduce errors, but OE mice maintained (two-way ANOVA, Bonferroni posttest, t = 2.89, P < 0.05) and KO mice improved (t = 3.56, P < 0.01) their ability to significantly reduce errors made at the end of the test (Fig. 1B) . Despite differences in the number of errors made before reaching the platform, all mice significantly reduced the time spent reaching the target platform (Fig. 1C) . There was also no significant difference in the number of errors made or time required to reach the platform among animals within the same treatment group.
In NLR tests, sham-irradiated WT (t = 3.71, P < 0.01) and KO (t = 4.76, P < 0.001) mice recognized the novel placement of the object and spent significantly more time investigating the object in its new location, but sham-irradiated OE mice were indifferent to the new location ( Fig. 1D and Fig. S1 ). Following irradiation, WT mice failed to recognize the novel location, but OE (t = 5.64, P < 0.001) and KO (t = 4.92, P < 0.001) mice all spent significantly more time investigating the object in its new location (Fig. 1D) . Taken together, these data suggested that both sham-irradiated OE and KO mice had some learning defects; however, following irradiation, these particular defects in hippocampal-dependent learning were largely corrected. Similar to RAWM findings, no significant difference in the exploration ratio for the novel location was observed across different cohorts.
Whereas NLR relies on hippocampal functions, novel object recognition (NOR) is independent of hippocampus (19) . Despite differences in NLR results, both sham and irradiated WT and OE mice had no trouble recognizing a new object in the NOR test and spent significantly more time investigating the new object ( Fig. 1E and Fig. S1 ). On the other hand, sham and irradiated KO mice were not able to significantly discern the difference between a novel and a familiar object (Fig. 1E and Fig. S1) .
Additionally, open field and elevated zero maze tests were carried out to determine motor activities and anxiety levels. Although sham-irradiated OE mice spent significantly less amount of time in the center 50% area of an open field, no significant differences were observed in the elevated zero maze paradigm (Fig. S2) .
In the behavioral field, contextual fear conditioning is commonly used to test hippocampal-dependent learning. However, preliminary studies with OE and KO mice showed both to be more sensitive to tactile and heat stimulation (Fig. S3) . Although there was no direct correlation, increased tactile and heat sensitivity suggested that OE and KO mice might be more sensitive to electrical stimulation in the contextual fear-conditioning paradigm, which might result in enhanced freezing response and affect the data interpretation. Consequently, a contextual fear-conditioning test was not performed with these mice.
EC-SOD Affects Progenitor Cell Proliferation and Long-Term Survival.
To determine if differences in neurocognitive functions were associated with changes in hippocampal neurogenesis, a 7-d BrdU injection protocol was carried out and the production and maturation of newborn cells in the subgranular zone (SGZ) of the dentate gyrus was assessed 4 wk after the first BrdU injection ( Fig.  2A) . Compared with sham-irradiated WT controls, there was an 81% reduction (t = 11.45, P < 0.001) in the total number of newly generated cells (BrdU
Reconstitution of high levels of EC-SOD in granule cells, on the other hand, substantially increased total number of BrdU + cells in OE mice (OE vs. KO, t = 7.85, P < 0.001), although the level was still 27% lower than that in WT mice (t = 4.21, P < 0.001) (Fig.  2B) . Irradiation led to a significant reduction in total BrdU + cells in WT mice (51% reduction, t = 4.45, P < 0.001), but no significant changes were observed in irradiated OE or KO mice (Fig. 2B) . Consequently, total BrdU + cells in irradiated OE was 1.7-fold and 2.3-fold higher than that of irradiated WT and KO, respectively ( Fig. 2B and Table S1 ).
To determine the lineage preference of newborn BrdU + cells, their identities as mature neurons (NeuN Table S1 ). However, no significant changes were observed in irradiated OE mice ( Fig. 2 C and  D) . After converting the percentage to total number of newborn neurons and glia, the profile of BrdU 2E ) was similar to that of BrdU + cells (Fig. 2B ). On the other hand, the number of newborn astroglia in sham-irradiated WT was significantly higher than that in sham-irradiated OE and KO mice, but (1, 172) = 105.9, P < 0.0001]. The dashed line in D and E represents exploration by chance (i.e., exploration ratio of 0.5) between novel and familiar location or object. Data are presented as mean ± SEM. Two-way ANOVA with Bonferroni posttest was carried out. *P < 0.05, **P < 0.01, ***P < 0.001 for postanalysis comparing between block 1 and block 10 or between novel and familiar location or object within each genotype and treatment. n = 17-20 mice per genotype per treatment.
no significant difference in the number of BrdU + /GFAP + cells was observed among the irradiated groups (Fig. 2F) .
Depending on the activation state, activated microglia can be detrimental or beneficial to neurogenesis in adult brains (20) (21) (22) .
To know if the activated microglia population was altered by EC-SOD levels or irradiation, total number of CD68 + cells in the dorsal hippocampal area was determined. The number of CD68 + cells was comparable among all sham-irradiated groups and significant increases were observed in all three groups following irradiation, with OE mice showing the largest increase. Consequently, the number of CD68 + cells in irradiated OE mice was significantly higher than that in irradiated WT and KO mice (Fig. S4) .
To determine if increased production and maturation of new neurons was because of increased progenitor cell proliferation or commitment to the neuronal lineage, a short-term BrdU labeling (Fig. 2G) was carried out to identify proliferating cells. The number of immature neurons (doublecortin; Dcx + cells) was also determined. In sham-irradiated mice, the total number of BrdU + cells counted in the SGZ of OE (t = 3.39, P < 0.01) and KO (t = 3.76, P < 0.01) mice was 75% that of WT mice (Fig. 2H) ; the total Dcx + cells in OE (t = 5.86, P < 0.001) and KO (t = 8.63, P < 0.001) mice were 66% and 50% that of WT controls (Fig. 2I) , respectively. Following irradiation, total numbers of BrdU + and Dcx + cells in WT mice were reduced by 38% (t = 4.79, P < 0.001) and 41% (t = 7.02, P < 0.001), respectively. OE and KO mice, on the other hand, did not show significant reductions in total BrdU + or Dcx + cells from irradiation ( Fig. 2 H and I) . Consequently, no significant difference in total number of BrdU + or Dcx + cells was observed among irradiated WT, OE, and KO mice. Taken together, the results suggested that EC-SOD deficiency decreased progenitor cell proliferation and long-term survival of newborn cells in the SGZ, that reconstitution of high levels of EC-SOD in granule cells significantly enhanced long-term survival of newborn cells, and that EC-SOD OE and KO mice were not susceptible to radiationinduced suppression of neurogenesis.
EC-SOD and Irradiation Affect the Dendritic System. We noticed that Dcx + cells from OE mice had a more elaborate pattern of dendritic arborization (Fig. 3A) , suggesting that Dcx + cells in OE mice may be more mature. Examination of Dcx + cells with secondary dendritic branching (i.e., categories E and F cells) (23) showed the number of mature Dcx + cells to be significantly higher in shamirradiated OE (OE vs. WT, t = 3.89, P < 0.01) and significantly lower in sham-irradiated KO mice (KO vs. WT, t = 3.23, P < 0.01) (Fig. 3B) , suggesting a positive association between the number of mature Dcx + cells and EC-SOD levels. Irradiation did not lead to a significant change in the number of categories E and F Dcx + cells in all three genotypes.
To determine if differences in dendritic arborization persisted as newborn neurons matured, intracranial injection of retrovirus was carried out to label new neurons with GFP. Morphological analysis was carried out 4 wk later to allow time for maturation. Study results showed that GFP +
/NeuN
+ cells in WT mice were well integrated into the granule cell layer, with secondary and tertiary dendrites branching into the molecular layer (Fig. 3C) . In comparison, GFP + /NeuN + cells in OE mice started branching earlier and some cells even had multiple primary dendrites. These newborn neurons also showed more complex dendritic arborization (Fig. 3D) , but the dendrites did not reach as far into the molecular layer as WT mice. Consequently, total dendritic lengths and number of branches were not significantly different between WT and OE (Fig. S5) . KO mice, on the other hand, had minimal dendritic arborization (Fig. 3D) , which resulted in significantly fewer dendritic branches and shorter dendritic lengths (Fig. S5) .
To further ascertain the effects of EC-SOD and irradiation on the dendritic system, spine densities were analyzed. No significant differences were observed among the sham-irradiated groups (Fig.  3E) . Following irradiation, significant decreases in spine densities were observed in WT mice (t = 3.05, P < 0.05); however, no significant changes were observed in OE and KO mice (Fig. 3E and Table S1 ). Data are presented as mean ± SEM. Two-way ANOVA with Bonferroni posttest was carried out. *P < 0.05, ***P < 0.001 for comparison between 0 and 5 Gy within each genotype. 1, P < 0.05 compared with WT/0 Gy; 2, P < 0.05 compared with OE/ 0 Gy; 3, P < 0.05 compared with WT/5 Gy; 4, P < 0.05 compared with OE/5 Gy. n = 5-8 mice per genotype per treatment.
To determine if alterations in the dendritic complexity was associated with changes in neuronal activity, expression of the immediate early gene c-Fos was determined 2 mo following irradiation (see timeline in Fig. 2A ). Sham-irradiated OE mice had significantly higher numbers of c-Fos + granule cells in the dentate gyrus (Fig. 3F) . Irradiation resulted in reductions in c-Fos + cells across all genotypes; however, because of large biological variations the extent of reduction did not reach a statistically significant level. Total number of c-Fos + cells in irradiated OE mice remained significantly higher than that in irradiated WT and KO mice (Fig. 3F) . Results from quantitative RT-PCR (qRT-PCR) analysis of c-Fos message levels in the hippocampal formation were consistent with the profile of c-Fos + cells among different cohorts (Fig. S6A) .
EC-SOD and Irradiation Affect Expression of Neurotrophic Factors and
Molecules Controlling Axon/Dendrite Maintenance. To identify the molecular and biochemical pathways involved in alterations in neurogenesis, dendritic arborization, and spine density because of differences in EC-SOD levels or as a result of radiation treatment, gene array studies were performed. Based on identified candidate genes associated with neurogenesis and neuroplasticity, qRT-PCR (Table S2 ) and Western blot analyses were then carried out. Two neurotrophic factors, brain-derived neurotrophic factor (Bdnf) and neurotrophin 3 (Ntf3), showed expression profiles that were favorable to OE mice in terms of long-term survival of newborn neurons and improved neuronal plasticity: (i) irradiated OE mice were able to maintain the same level of Bdnf expression when more than 30% reduction was observed in WT (t = 3.63, P < 0.01) and KO (t = 4.97, P < 0.001) mice following irradiation (Fig. 4A); (ii) expression levels of Ntf3 were significantly increased in irradiated OE (55% increase, t = 2.99, P < 0.05), but stayed the same in irradiated WT and KO mice (Fig. 4B) .
Because activated/phosphorylated cAMP-response element binding protein (pCREB) is known to be associated with Bdnf and Ntf3 and is important for learning and memory (24) (25) (26) (27) , the level of pCREB was also determined. A significant reduction in pCREB was observed in irradiated WT mice (80% reduction, t = 2.62, P < 0.05), implying a diminished level of pCREB-mediated neuronal function in this cohort. In contrast, no significant changes were identified in irradiated OE and KO mice. A similar profile was observed in the expression of the axon guidance molecule semaphorin 3C (Sema3C) with a significant reduction in irradiated WT (31% reduction, t = 2.97, P < 0.05) (Fig. 4D) . Collectively, the data implicated a change in neurotrophic factors and guidance molecules with negative impact on neurogenesis and maintenance of the dendritic system in irradiated WT mice.
Ephrin A5 (Efna5), a ligand for the Eph-related tyrosine kinase receptor, and the nuclear receptor related protein 1 (Nurr1) were also differentially regulated by EC-SOD and irradiation: Efna5 expression levels were significantly elevated in irradiated KO (65% increase, t = 4.67, P < 0.001), but the levels were either not changed or reduced in irradiated WT and OE mice (Fig. 4E) . Similarly, Nurr1 expression levels were significantly increased in irradiated KO mice (54% increase, t = 3.98, P < 0.001), but remained unchanged in WT and OE mice following irradiation (Fig. 4F ). Other neurogenesis-related genes differentially regulated in irradiated KO mice include nNOS, Etv1, and Bcl2l1 (Fig. S6 B-D) .
Discussion
In this study, we showed that: (i) EC-SOD deficiency had a negative impact on progenitor cell proliferation and long-term survival of newborn neurons in the dentate gyrus of hippocampus; (ii) high levels of EC-SOD in granule cells supported dendritic development and long-term survival of newborn neurons; (iii) compared with WT mice, OE and KO mice were less sensitive to irradiation-induced changes in hippocampal neurogenesis and the associated cognitive functions; and (iv) neurotrophic factors and molecules controlling axon/dendrite maintenance were differentially affected by EC-SOD levels and by irradiation.
Hippocampal neurogenesis and synaptic activities can be influenced by redox balance in the local microenvironment. Although EC-SOD is secreted into the extracellular environment, the enzyme is bound locally to extracellular matrix and only a small percentage is released as a circulating form in the CNS (17, 28) . Therefore, by reconstituting EC-SOD expression to only mature neurons, we are able to generate a mouse model (OE mice) in which an EC-SOD-deficient SGZ is adjacent to an EC-SOD-rich granule cell layer in the hippocampal dentate gyrus (Fig. S7A) . The manipulation did not result in changes in other SODs and major peroxidases in the hippocampal formation of OE mice (Fig. S7B) .
Comparing the "hybrid" environment in OE mice to that with ubiquitous EC-SOD expression in WT or ubiquitous deficiency in KO mice, we showed that proliferation of neuronal progenitor cells was suppressed to the same extent in sham irradiated OE and KO mice (Fig. 2H) , suggesting a negative effect of the EC-SODdeficient neurogenic environment on progenitor cell proliferation. Moreover, because a small percentage of EC-SOD is expected to and genotype [F (2,27) = 6.42, P < 0.0001] played a significant role in the data variation. All data are presented as mean ± SEM. Two-way ANOVA (B, E, and F ) and two-way repeated-measures ANOVA (D) with Bonferroni posttest were used for data analysis. *P < 0.05 compared with the shamirradiated counterpart; 1, P < 0.05 compared with WT/0 Gy; 2, P < 0.05 compared with OE/0 Gy; 3, P < 0.05 compared with WT/5 Gy; 4, P < 0.05 compared with OE/5 Gy.
be released from granule cells and diffuse into the SGZ in OE mice, it is reasonable to expect low levels of EC-SOD in the neurogenic environment in OE mice (17) . Consequently, the data imply that to maintain normal progenitor cell proliferation, it may be critical for neuronal progenitor cells per se to produce EC-SOD. The number of immature neurons (Dcx + cell) in shamirradiated OE and KO mice showed a similar profiles to that of BrdU + numbers (Fig. 2I) , suggesting that EC-SOD deficiency did not affect the initial differentiation toward the neuronal lineage and that the low number of Dcx + cells in sham-irradiated OE and KO mice probably stemmed from changes in the proliferation of neuronal progenitor cells.
There appeared to be a positive association between EC-SOD levels in the granule cell layer and the number of immature neurons with more elaborate dendritic development, which was also reflected in mature newborn neurons with more extensive dendritic arborization (Fig. 3 A-D) . The elaborate dendritic system likely provided more synaptic connections that had been reported to be important for the survival and functional integration of newborn neurons (29) . Consequently, the extent of neuronal activity, based on the number of c-Fos + cells in the dentate gyrus, was significantly higher in sham-irradiated OE mice compared with sham-irradiated WT and KO mice (Fig. 3F) . It was possible that the redox environment in the EC-SOD-rich granule cell layer promoted dendritic development in newborn neurons in OE mice. How this was accomplished was not entirely clear. EC-SOD had been shown to control the bioavailability of nitric oxide (NO) within the vascular wall and the lung (30, 31) . Although similar work had not been performed in the nervous system, it was reasonable to assume that more NO would be available in the OE mice to facilitate dendrite outgrowth (32, 33) . Because the molecular layer of dentate gyrus was expected to be devoid of EC-SOD (other than the circulating form originating from the granule cells) in OE mice, the observation that the dendrites in OE mice did not reach as far into the molecular layer as that in WT mice (Fig. 3 C and D) also supported a role of EC-SOD in dendritic arborization and maintenance.
Sham-irradiated OE mice appeared to make more mistakes in the beginning of RAWM training and were not able to discern novel placement of an object in the NLR tests ( Fig. 1 B and D, and  Fig. S1 ). It was possible that the more elaborate dendritic network in OE mice resulted in more synaptic connections that were not necessarily beneficial for synaptic transmission. Alternatively, an earlier study using an independent strain of transgenic mice with ubiquitous overexpression of EC-SOD showed similar cognitive deficits and suggested that normal levels of superoxide radicals may be important for hippocampal-dependent learning and that high levels of EC-SOD can affect learning by reducing extracellular superoxide needed for NMDA receptor activation (34) .
Dendritic arborization and integration into the existing network are tightly linked to the survival of newborn neurons (29) . Although increased dendritic arborization did not affect long-term survival of newborn neurons in sham-irradiated OE mice, reduced dendritic networks in sham-irradiated KO mice ( Fig. 3 C and D) may be, in part, responsible for reduced long-term survival of newborn neurons. Thus, comparison between the number of newborn neurons (BrdU + /NeuN + cells) (Fig. 2E ) and the number of immature neurons (Dcx + cells) (Fig. 2I) showed that, whereas 6% and 6.6% immature neurons in WT and OE mice, respectively, became mature neurons 4 wk later, only 3.1% in KO mice made it that far (Table S1 ). The defect in KO mice was not just limited to the hippocampus because behavioral studies showed learning deficits in sham-irradiated KO mice in the hippocampal-independent NOR task as well ( Fig. 1 B and E, and Fig. S1 ).
Following a single dose of cranial irradiation, hippocampal neurogenesis in WT mice decreased by 50%, but no significant reduction was observed in irradiated OE or KO mice (Fig. 2 B and C) . Consequently, the percentage of immature neurons that became mature remained at 3% in irradiated KO mice, but it went from 6% to 3.5% in irradiated WT mice. Interestingly, the survival was enhanced to 9.2% in irradiated OE mice (Table S1 ). This result may be partly because of enhanced expression of Ntf3 and the ability to maintain normal levels of Bdnf expression in the postirradiation environment in OE mice (Fig. 4 A and B) . Together with normal pCREB activation (Fig. 4C ) and normal dendritic spine density (Fig. 3E) , the data were consistent with the observation that irradiated OE mice were able to maintain the same performance level in the RAWM task and improve in the NLR task ( Fig. 1 B and D) .
Although no reduction in neurogenesis was seen in irradiated KO mice, the number of newborn neurons remained low compared with irradiated WT and OE mice. However, irradiated KO mice were able to improve performance in the RAWM task (Fig. 1B) . The dissociation between neurogenesis and cognitive performance in this cohort suggested that factors other than neurogenesis probably played a prominent role. We showed that irradiated KO mice were able to maintain normal dendritic spine density (Fig. 3E) , which was important for normal synaptic transmission. In addition, irradiated KO mice were able to maintain normal Sema3C expression and up-regulate Efna5 and Nurr1 (Fig. 4 D-F) . Sema3C had been shown to be important for axon guidance and neuritogenesis (35, 36) ; Efna5 was shown to enhance survival of adult born neurons and increase normal synaptic transmission in the hippocampus (37); and Nurr1 expression was important for , and Nurr1, respectively in the hippocampus. n = 8-15 mice each for message quantification; n = 5-10 each for pCREB analysis. All data are presented as mean ± SEM. All message levels were normalized to that of sham irradiated WT controls. Two-way ANOVA with Bonferroni posttest was carried out. *P < 0.05; **P < 0.01; ***P < 0.001 for comparison between 0 and 5 Gy within each genotype. 2, P < 0.05 compared with OE/0 Gy; 3, P < 0.05 compared with WT/5 Gy; 4, P < 0.05 compared with OE/5 Gy.
normal cognitive processes (38, 39) . Collectively, the transcriptional profile would have supported a more robust cognitive learning in irradiated KO mice. How irradiated KO mice maintained Sema3C and up-regulated Efna5 and Nurr1 expression in the hippocampus was not clear, but some of these messages may be regulated by pCREB through activation of the redox-sensitive ERK1/2 (40, 41) .
Taking these data together, it is possible that normal cognitive performance in irradiated OE and KO mice are supported by different mechanisms with the OE environment maintained by neurotrophic factors and the downstream pCREB signaling pathway and the KO environment enhanced by dendritic maintenance and cognitive processes to support survival of newborn neurons and normal cognitive learning. Additionally, the study results revealed the importance of EC-SOD in neuronal progenitor cell proliferation, dendritic development, and protection against irradiation. In the future, it will be reasonable to test, individually and in combination of, small synthetic molecules with SOD-like property or with an ability to mimic the function of neurotrophic factors to provide an environment that supports all stages of hippocampal neurogenesis and synaptic connections to preserve neurocognitive functions following cranial irradiation.
Methods
Mouse models used in the study have been described (13, 17) . Neurogenesis and behavioral studies follow previously established procedures (13, 15, 16) . Detailed descriptions for all experimental procedures are provided in SI Methods.
